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Abstract: A spectroelectrochemical cell was fabricated for in-situ X-ray absorption spectroscopy (in-situ XAS). The XAS spectra of the uranium III edge were monitored in electrolyte solutions during the electrochemical reduction. Tetravalent uranium, U 4+ , in 1 mol dm −3 (M) hydrochloric acid (HCl) was electrochemically prepared from hexavalent uranium, UO
2+
2 , by constant current electrolysis, and the extended X-ray absorption fine structure (EXAFS) was analyzed. The concentration ratio of UO 
Introduction
Uranium forms various oxidation states in aqueous solution (trivalent to hexavalent), and it is important to estimate the chemical state of uranium ions in the fields of nuclear fuel cycles and environmental science. These oxidation states are prone to change via oxidation and disproportionation reactions depending on the proton and oxygen concentration [1] . The ions in the aqueous solution behave as strong Lewis acids, and the ions with oxidation states that are higher than pentavalent form di-or tri-oxo ions. The speciation of the ions has been studied by various spectroscopic methods. These include: electronic absorption spectroscopy, fluorescence spectroscopy, emission lifetime analysis, and extended X-ray absorption spectroscopy, better known as XAS analysis [2] . Detailed information about the local structure around the atoms of a specific element can be obtained from X-ray absorption fine structure (XAFS). Numerous XAFS studies of the coordination structure of uranium complexes have been conducted and reviewed [2] [3] [4] [5] [6] [7] . The technique enables the identification of the valence states of uranium during the redox reactions from the X-ray absorption near-edge structure (XANES [8] [9] [10] [11] [12] [13] .
To prepare the reduced products, electrochemical bulk electrolysis was combined with UV-Visible spectroscopy or XAFS measurements of UO + 2 [14] [15] [16] [17] and U
4+
in aqueous solutions [9-11, 18, 19] . Hennig and co-workers studied the coordination sphere of U 4+ ions in various electrolytes using an X-ray absorption spectroelectrochemical cell [9] [10] [11] . The U 4+ coordination number reportedly decreased from 9 to 8 as the Cl − concentration was increased from 0 (ClO − 4 ) to 9 M [9] . In the presence of NO [11, 16] .
In-situ X-ray spectroelectrochemistry [20] [21] [22] [23] [24] [25] [26] [27] [28] can be used to determine the formal potentials as well as the relative concentrations of the species at an applied potential, even if sample solutions contain other redox-active species or there is an overlying optical transition that prohibits the direct determination of the concentrations. EXAFS spectra may undergo Fourier transform into frequency space, providing a radial distribution function. The resultant "Rspace" clearly distinguishes UO For safety and security, a closed system must be used to house a target sample that contains the aqueous radioactive materials. In the present study, an in-situ XAS cell has been developed for the measurement of the uranium valence states during the electrochemical reduction of UO 1% by titration. After the uranium complexes were dissolved, the concentration was determined by absorption spectroscopy [29] . A self-registering spectrophotometer V-350 (JASCO Co.) was used for the measurements at wavelengths between 350 and 800 nm. All other chemicals were used without further purification.
In-situ X-ray spectroelectrochemical cell
For the electrochemical measurements, a three-electrode system was used. A platinum wire (Nilaco Co.) or glassy carbon fiber (Tokai Carbon Co.) was used as the working electrode to enhance the efficiency of the electrolysis, and a silver/silver chloride (Ag/AgCl) electrode was used as the reference electrode. This reference electrode consists of a tube sealed at the end by a cellulose filter. The tube contained a silver wire (1 mm diameter) coated in AgCl that was immersed in an aqueous solution of LiCl (1 M).
The counter electrode was a silver wire, and a counter phase containing 1 M LiCl was separated from the objective phase by a cellulose filter to avoid cyclic redox reactions. Polyethylene terephthalate (PET) and polypropylene (PP) were used as the cover materials for the reference and counter electrodes, respectively. An electrochemical measurement system, IVIUM compactstat (IVIUM Co.) was used for the bulk electrolysis. measurement (Figure 1 ), and the cell contained an acrylic window (3 × 3 cm and 1 mm thick). The sample solutions were purged with nitrogen for 30 min and the cells were prepared in a glove box under a nitrogen atmosphere to avoid the oxidation of the uranium ions. The three electrodes were sealed into the cell by epoxy resin to avoid oxygen from the atmospheric air and to prevent leaking of the sample solution. We confirmed that the cell made from acrylic, PET, and PP provided satisfactory chemical and X-ray resistance for the duration of this study. The cell was placed in the first inner acrylic container and was partially covered with Kapton film for the X-ray transmission. This container was installed for in-situ XAFS measurements and remained unopened at the beam line. An oxygen absorber (AGELESS, Mitsubishi Gas Chemical Co.) was placed in the inner and outer containers. The prepared uranium solutions were perfectly sealed in the electrochemical cell at the Hot Laboratory at the Kyoto University Research Reactor Institute and were transported to the photon factory in the High Energy Accelerator Research Organization, KEK.
XAFS measurement and data analysis
The XAFS measurements were performed at the BL27B beam line [30] at the Photon Factory in KEK, Japan. Hard X-rays ranging from 5-20 keV are available at this beam line with a Si(111) double-crystal monochromator. XAFS measurements based on the U III -absorption edge ( 0 = 17.153 keV) were performed. All the solutions were measured in fluorescence mode using a Ge solid state detector.
A single scan from 16.865 to 18.265 keV took 564 seconds.
The X-ray was focused on an area closest to the working electrode. The beam size was approximately 3×2 mm. The electrodes were connected to the measurement system by five meters of cable enabling control over the electrolysis from outside the beam line hatch. An XAFS scan was measured before the current was applied to obtain an initial spectrum and was then repeated during the electrolysis.
The XAFS spectra were analyzed using WinXAS ver. 3.1 code developed by Ressler [31] . Multiple XAFS scans were collected from for each sample at ambient temperature (298 K), and the results were averaged. The EXAFS data were fitted using a theoretical phase and amplitudes calculation from the program, FEFF 8, by Rehr et al. [32] To monitor the electrode potential during the electrolysis, constant current electrolysis was employed. A fixed current of −1 mA was applied for approximately 32 000 s, during which time the in-situ XAS measurements were repeated. Here, a platinum wire was used as the working electrode. Five scans were averaged. XANES, the 3 -weighted EXAFS spectra, and their corresponding FTs are shown in curves 2-9 of Figures 2, 3a and b, respectively. The potential change during the electrolysis was moni- 
The electrode potential in Figure 4 was between − 0.14 V and − 0.18 V, which is not near the redox potential of the UO 
4+
(open triangle) concentration ratio was also calculated using the 3 -weighted EXAFS spectra in which curves 1 and 9 in Figure 3a are again assumed to be the spectra calculated by fitting the spectra before (curve 1) and after (curve 9) the electrolysis in Figure 3a . the concentration ratio of UO The relationship between log[UO Figure 5b . The slope of the plots was 34 mV per order of magnitude, which is similar to the value for a reversible two electron reaction (30 mV).
In other words, the UO + 2 concentration was negligible because of the rate of disproportionation that was enhanced by both the H + and Cl − concentrations [42] [43] [44] .
U(VI)/U(IV) was calculated to be − 0.175 V from the intersection point of the line and x-axis. This potential is close to the formal potential of the UO 2+ 2 /UO + 2 couple that has been previously reported [45] ; that report also showed that the UO 
Electrochemical reduction of UO

2+
in nitric acid
The in-situ XAFS measurements were performed in 0.1 M HNO 3 instead of HCl with a lower concentration of H + during the constant current electrolysis. Three scans were averaged and plotted in Figures 6, 7a and 7b showing the XANES, 3 -weighted EXAFS and their corresponding FT spectra, respectively. The XAFS spectrum of UO 2+ 2 before the electrolysis, shown in curve 1 of Figure 6 , agreed with that in HCl as shown in curve 1 of Figure 3 . The electrolysis was then conducted by applying a fixed current of −1 mA, and the XAFS measurements were repeated during the process. The variation in potential by electrolysis was monitored and is shown in Figure 8 . The time points that are plotted in Figure 8 bon fiber electrode that was used as the working electrode was over four times larger than the platinum wire electrode that we used previously. During the electrolysis process, the U III edge jump shifted to lower energy because of the reduction from UO Figure 8 . The concentration ratio of uranyl (•) and uranus ( ) were calculated using the U−O ax peak intensity in Figure 7b .
The U−O ax bond peak increased and the U−OH 2 bond peak remained as shown in curve 7 in Figure 7b at − 0.56 V. The U(OH)
3+ that formed may have been chemically re-oxidized to form UO 
U(OH)
3+ + 2NO
Although UO 2 was formed in the 0.1 M HClO 4 [11] , a black precipitate was not observed during the measurement.
Electrochemical reduction of UO
2+
in carbonate media
To prepare U(V), in-situ XAFS was performed in 1 M Na 2 CO 3 solution by applying a constant current at Figure 10 shows the XANES spectra before and after electrolysis. The edge jump slightly shifted from 17.164 to 17.163 keV (Figure 10 ), and the spectra were similar to those reported previously [15, 16] . The solution was light yellow before the electrolysis and colorless and transparent afterwards, which is typical of Table 1 ) [15, 16, 47] . The fits are shown as dashed lines in Figure 11a and b, and these results agree with the previous reports [15, 16] . The electrode potential of − 0.95 V was high enough to form UO 
Conclusion
An in-situ X-ray spectroelectrochemical cell was developed for in-situ XAS and applied to the spectral analysis of the uranium III edge in various electrolyte solutions during electrochemical reduction. The cell was preliminarily prepared and transported from the Kyoto University Research Reactor to the photon factory in KEK, and it was used without any chemical handling in the 
